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Mutual Functional Destruction of HIV-1 Vpu
and Host TASK-1 Channel

plays multiple roles during HIV-1 infection: support of
virus release (Klimkait et al., 1990; Strebel et al., 1989)
and promotion of CD4 degradation (Willey et al., 1992).
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ences cationic currents in planar lipid bilayers and inJohns Hopkins University
Xenopus oocytes (Coady et al., 1998; Gonzalez and Car-2Institute of Molecular Cardiobiology
rasco, 1998; Schubert et al., 1996). This electrophysio-Johns Hopkins University School of Medicine
logical property of Vpu requires conservation of theBaltimore, Maryland 21205
transmembrane (TM) sequence. Since Vpu is multimeric3 Bioinformatics Core Facility
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it is also possible that Vpu affects membrane conduc-Bethesda, Maryland 20892
tance through modulation of endogenous ion channels
(Lamb and Pinto, 1997), as do other small integral mem-
brane proteins (Abbott and Goldstein, 1998; McDonaldSummary
et al., 1997; Sesti et al., 2000; Shimbo et al., 1995). In
this report, we provide the first evidence that HIV-1 VpuSequence analysis predicted significant structural ho-
alters the normal function of cellular channel subunitsmology between the HIV-1 accessory protein Vpu and
by direct interaction with those subunits.the N-terminal region of TASK-1, a mammalian back-

Using a number of biochemical and biophysical ap-ground K� channel. If the homology resulted from
proaches, we first demonstrated that TASK and Vpumolecular piracy during HIV-1 evolution, these two
interact in heterologous expression systems and inproteins may have important functional interactions.
HIV-1-infected specimens. The functional consequencesHere we demonstrate that TASK and Vpu physically
of such interaction are mutually destructive: Vpu abol-interact in cultured cells and in AIDS lymphoid tissues.
ishes the background conductance of TASK-1, whileThe functional consequences were potentially de-
TASK expression also suppresses Vpu-mediated virusstructive for both components: Vpu abolished TASK-1
release. Since K� channel subunits have the propensitycurrent, while overexpressing TASK led to a marked
to oligomerize with homologous subunits to form a func-impairment of Vpu’s ability to enhance viral particle
tional pore (e.g., hetero-dimerization of TASK-1 andrelease. Further, the first 40 amino acids of TASK-1
TASK-3 [Czirjak and Enyedi, 2002]; hetero-tetrameriza-(part of the homology to Vpu) were capable of enhanc-
tion of “silent subunits” to Kv 2.1 subunits [Ottschytsching HIV-1 particle release. This virus-host interaction
et al., 2002]), TASK, and Vpu may interact through themay influence HIV-1/AIDS progression, as well as elec-
same mechanism as channel assembly. By intercalatingtrical signaling in infected host tissues.
into TASK complexes, Vpu inhibits the background cur-
rent generated by TASK channels. Conversely, it is con-

Introduction ceivable that, if HIV-1 infection takes place in cells with
substantial TASK expression, the amount of Vpu trapped

HIV-1 proteins constantly interact with host components by TASK could become significant enough to affect viral
in infected cells (Greene and Peterlin, 2002). How such particle release.
interactions emerged during the course of virus evolu- The first transmembrane segment is essential for as-
tion is not clear. One common theme in virology is that of sembly of voltage-dependent K� (Kv) channel subunits
“molecular piracy”—viral components may evolve from (Babila et al., 1994). A truncated Kv channel with only the
replication of related host genes, thus being capable of first transmembrane segment (TM1) remains capable of
interacting with native proteins (Sinkovics et al., 1998). homo- or hetero-multimerization. Coexpression of these
For molecular piracy, cellular immunomodulatory genes TM1 fragments with wild-type Kv channel subunits ex-
are popular targets; this is well illustrated in cytomegalo- erts a negative trans-dominant effect on the currents
viruses (CMVs), which incorporate homologs to host encoded by wild-type channels. Since these TM1 frag-
MHC class I, chemokines, and G protein-coupled recep- ments can spontaneously assemble with native homolo-
tors (Vink et al., 1999). Here we report an unusual exam- gous Kv subunits (likely during cotranslation [Deutsch,
ple of virus mimicry using an ancient K� channel as a 2002]), their oligomerization results in nonfunctional
template. Significant sequence homologies were found channel complexes on the cell surface or retention in
between the HIV-1 Vpu protein and the N-terminal 70 the ER (Folco et al., 1997). If we envision Vpu as a mimic
residues of the two-pore K� (K2P) channel TASK-1. of the TM1-containing TASK fragment, its inhibition of

TASK-1 is a widely expressed, acid-sensitive K� chan- TASK function may be mechanistically similar to inhibi-
nel that exhibits background conductance (Duprat et tion of Kv channels by their TM1 fragments.
al., 1997; Kim et al., 1998; Leonoudakis et al., 1998). Vpu We therefore tested whether the first TM region of

TASK (termed “Ttm1”) could functionally mimic Vpu. Not
only did Ttm1 suppress TASK conductance, but it also*Correspondence: marban@jhmi.edu
enhanced HIV-1 release. Hence, the minimal structural4 Present address: United States Patent and Trademark Office, Ar-

lington, Virginia 22202. requirement for Vpu-mediated virus release is equivalent
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Figure 1. TASK-Vpu Homology Leads to Their Physical Association

(A and B) Protein sequence alignment between Vpu and the first quarter of TASK. PHD-predicted helices (including TMH) are indicated by
gray symbols. The Vpu alignment includes the consensus sequence from NCBI Conserved Domain Database (CD: pfam00558), the sequence
from pLAI plasmid, and another consensus from the rare SIVcpz strains compiled by the HIV Database. PD013020: the TASK-1 consensus
sequence from ProDom database. In Vpu, the hinge region linking the 2 non-TM helices (blue underline and boxes) contains two phosphoserines
(red asterisks) that are important for CD4 degradation. A potential N-linked glycosylation site is conserved in TASK (branch). Aligned amino
acids are color coded by MView 1.41 (positive charge, bright red; negative charge, bright blue; polar, purple; small alcohol, dull blue;
hydrophobic, bright green; large hydrophobic, dull green).
(C) Colocalization of GT (green) and CD4U (red): shown both individual scans and the overlay.

to a segment of the host K� channel that is essential the rates of their sequence divergence were different,
for channel assembly. Consequently, Vpu expression in and that a virus-specific evolutionary mechanism such
HIV-1-infected cells disrupts the cellular pathway for as molecular piracy was involved.
K� channel biogenesis. The resultant changes in the In addition to pairwise comparison, the neural-net-
transmembrane electric field induced by the TASK-Vpu based PHD program also predicts a similar folding
interaction are expected to alter conformations of mem- pattern in the aligned regions (transmembrane helix-
brane proteins, membrane fluidity and structure (Lakos helix-loop-helix) for both proteins. While the secondary
et al., 1990; Lelkes, 1979), as well as intracellular ion ho- structure of TASK-1 is unknown, the PHD prediction for
meostasis, undermining efficient virus packaging and re- Vpu matches its post-TM structure resolved by NMR
lease. (Wray et al., 1995) (Figure 1A).

The high degree of Vpu-TASK homology, and the fact
that both proteins have the ability to oligomerize, sug-Results
gested that these two proteins might interact to form
hetero-oligomers. We used confocal imaging as a meansProposal for Molecular Piracy of Cellular
to verify TASK-Vpu association. A GFP-TASK fusion (GT)TASK-1 Channels
and the CD4U chimera (CD4 ectodomain tagged to Vpu)Significant sequence homologies were identified be-
were used (Bour et al., 2001). Both CD4U and GT aretween HIV-1 Vpu and the first quarter of mammalian
functionally equivalent to the untagged Vpu and TASK-1,TASK-1 with overall identities of 24% (16/68) and se-
respectively: CD4U maintains full Vpu functionality—quence conservation of 56% (38/68) (Figures 1A and
enhancement of virus release and modulation of CD41B). This degree of sequence similarity is comparable
degradation (Bour et al., 2001; Paul et al., 1998), whileto that among different subfamilies of K2P channels. As
GT exhibits K� conductance equivalent to that ofthe evolution of K2P channels probably spanned a much

longer time frame than that of Vpu, it is anticipated that TASK-1 (data not shown). Coexpression of CD4U and
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not affected by cotransfection of TASK (Figure 2A, right
panel). Indeed, Vpu was only identified in the TASK pre-
cipitates from the VT sample (Figure 2A, middle panel),
indicating that these two proteins form stable oligomers
through heterologous expression. Interestingly, the
U2-3 anti-Vpu antiserum was unable to coimmunopreci-
pitate TASK, suggesting that, under our experimental
conditions, the U2-3 epitope in the Vpu cytoplasmic
tail was masked. Therefore, both the transmembrane
segment and cytoplasmic tail of Vpu may be involved
in TASK interaction.

To determine whether this interaction is meaningful
in the context of HIV-1 infection, we first characterized
the expression level of TASK-1 in phytohemagglutinin
(PHA)-activated primary CD4� T lymphocytes (Figure
2B). Further tests on AIDS lymphoid tissues (peripheral
blood and autopsied lymph nodes) revealed the exis-
tence of the TASK-Vpu interaction in vivo (Figures 2C
and 2D). The interaction was examined in blood samples
from an AIDS patient and from a treated HIV� patient
with undetectable viral load (UD). The expression levels
of monomeric and dimeric TASK (55 kDa, 110 kDa) in
both samples were comparable. Only in AIDS blood was
Vpu identified in the TASK oligomers. Western blots
against Vpu also frequently identified TASK-sized bands
on native samples; this crossreactivity may be explained
by the overall homology of Vpu to the first quarter of
TASK-1, and further implies a structural resemblance
between the two proteins in vivo.

Suppression of TASK-1 Current by Vpu Coexpression
To identify the functional consequences of TASK-Vpu
oligomerization, we first dissected the background con-
ductance of TASK in the presence or absence of Vpu
in heterologous expression systems (HEK-293, A549).Figure 2. Coimmunoprecipitation of TASK-1 and Vpu
Since TASK-1 neither displays detectable kinetics nor

(A) Vpu was identified as part of the TASK complexes in HEK-293
has a specific channel blocker, two methods of mea-cells expressing both TASK and Vpu (VT). Negative controls include
surement were employed to differentiate its current fromexpression of the control GFP alone (C), TASK-1 alone (T), and Vpu
endogenous currents in a cell. The first method mea-alone (V).

(B) TASK expression (55 kDa) in PHA-activated normal primary CD4� sured TASK conductance by differential blockade using
T lymphocytes. two K� channel blockers, Ba2� and TEA�. Because
(C) TASK-Vpu interaction detected in an AIDS peripheral blood sam- TASK-1 can be completely blocked by Ba2�, but not
ple (AIDS), and not in the peripheral blood from a treated HIV-1-

TEA� (Duprat et al., 1997; Kim et al., 1999), we employedpositive patient with an undetectable viral load (UD).
stepwise blockade in a K�-free bath condition at 0 mV to(D) T-V interaction found in AIDS autopsied lymph node tissues.
suppress any endogenous currents (Backx and Marbán,“Bead” (negative control): not chemically coupled to anti-TASK.

1993). A 1:1 molar ratio of TASK and Vpu DNA was
applied in transfection. HEK-293 cells expressingGT in A549 cells revealed that these two proteins were
TASK-1 alone exhibited a sizable Ba2�-sensitive, TEA�-colocalized intracellularly and on the plasma membrane
insensitive outward current (Figure 3A, inset: T). How-(Figure 1C). Despite the inability to achieve molecular
ever, coexpression of TASK and Vpu completely sup-resolution by confocal imaging, the spatial correlation
pressed this characteristic TASK-1 current componentof TASK and Vpu provides a basis for interpretation of
(Figure 3A, inset: VT). Combined with the coimmuno-their functional interactions as described below.
precipitation results, the findings indicate that the
TASK-1 channel becomes functionally impaired follow-TASK-Vpu Protein-Protein Interaction
ing oligomerization with Vpu.We characterized the TASK-Vpu protein-protein interac-

The second method measured TASK-1 by activatingtion by coimmunoprecipitation. Anti-TASK-1 antibody,
its pH-sensitive current. TASK-1 is sensitive to extracel-which recognizes a C-terminal peptide far from the re-
lular pH changes in the physiological range; the currentgion homologous to Vpu, was used to immunoprecipi-
can augment 50% from pH 7.5 to pH 8.5, at which pointtate TASK-1 complexes under conditions of mild deter-
it saturates (Duprat et al., 1997; Leonoudakis et al.,gent dissociation. For HEK-293 cells expressing TASK
1998). We therefore examined whether the pH-sensitive(T, TASK-alone; VT, TASK � Vpu), Western blot revealed
component of TASK (subtracting the value at pH 7.5monomeric and dimeric TASK bands in their immuno-

precipitates (Figure 2A, left panel). Vpu expression was from that at pH 8.5) was affected by Vpu. To differentiate
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Figure 3. Vpu Coexpression Inhibits TASK-
1-Specific Current

(A) Coexpression of TASK and Vpu abolished
the Ba2�-sensitive, TEA�-insensitive compo-
nent of TASK-1 current. HEK-293 cells trans-
fected with TASK-1 alone (T) or with both
TASK-1 and Vpu (VT) were voltage-clamped
under whole cell configuration. The cells were
perfused from K�-containing bath solution to
the same solution eliminating K�, then with
an addition of 10 mM TEA� (solid symbols).
Continued perfusion with additional 2 mM
Ba2� (hollow symbols) reveals the Ba2�-sensi-
tive and TEA�-insensitive K� conductance,

specific of TASK-1 (square; mean � SEM). This conductance component was absent with Vpu coexpression (circle; mean � SEM). Inlet:
Subtraction for the Ba2�-sensitive, TEA�-insensitive conductance.
(B) TASK-Vpu coexpression also suppressed the pH-sensitive component of TASK current, activated by pH increase from 7.5 to 8.5. Shown
dose dependence of Vpu-imposed inhibition of TASK-1 current.

between specific channel inhibition by Vpu and cyto- Vpu inactivates TASK by disrupting oligomeric struc-
tures necessary for the formation of a functional chan-toxic effects, a dose-response experiment was per-

formed in which TASK current was measured in the nel, the reciprocal effect might be observed in circum-
stances where TASK is in excess over Vpu.presence of increasing amounts of transfected Vpu. The

results correlate well with the previous measurements To determine the effect of TASK-1 on virus release,
HeLa cells were cotransfected with wild-type and Vpu-by differential blockade: Vpu coexpression significantly

suppressed the TASK-specific current (Figure 3B). Al- defective HIV-1 proviral constructs (pNL4-3 and pNL4-3/
Udel, respectively). Viral contents in culture media werethough further increase of Vpu DNA completely inhibited

the pH-sensitive TASK current, it also made the cells determined at 25 hr posttransfection. The particle re-
lease efficiency of NL4-3 alone was set to 100%. Asdifficult to patch, presumably due to cytotoxic effects

of Vpu overexpression (Figure 3B). previously reported (Strebel et al., 1988), inactivation
of the vpu gene in the NL4-3 proviral clone of HIV-1To exclude the possibility that the observed suppres-

sion of TASK-1 currents by Vpu results from Vpu- dramatically reduced the efficiency of particle release
(Figure 4A, pNL4-3/Udel). TASK-1 coexpression withinduced toxicity and not from hetero-oligomerization,

in the second patch-clamp experiment (Figure 3B), we wild-type pNL4-3 reduced virus release by 2- to 3-fold
(Figure 4A, pNL4-3 � TASK). The suppressive effectsidentified apoptotic cells with two markers: Alexa Fluor-

conjugated anti-annexin V and propidium iodide. De- of TASK-1 on viral particle release did not result from a
general overexpression of K� channels, as demon-spite the fact that immunostaining prior to electrophys-

iological recording revealed some Vpu-expressing, strated in the negative control using another K� chan-
nel of comparable current density, HERG (Figure 4A,apoptotic cells, the majority of such cells did not attach

to coverslips well and were quickly washed away during pNL4-3 � HERG). 2-fold suppression of HIV-1 release
was observed when applying 0.7 �g of TASK DNAperfusion of the recording chamber. We also compared

the surface areas of all patched cells for signs of cell (equivalent to the usage in electrophysiological studies
[Figure 3]). A dose-response study of TASK-mediatedshrinkage or apoptotic volume decrease, a prerequisite

for the onset of apoptosis. Vpu coexpression did not inhibition of particle release showed up to 3-fold inhibi-
tion of particle release, with a minimal effect on totalaffect the surface area of HEK (data not shown). Addi-

tionally, suppression of TASK conductance by Vpu ap- viral protein production (Figure 4B). On the other hand,
TASK-1 coexpression with pNL4-3/Udel lacking Vpu didpeared consistent throughout the whole time course

of transient expression (data not shown). The results not affect virus release (Figure 4A, pNL4-3/Udel �
TASK). Therefore, the suppressive effect of TASK-1 onsuggest that coassembly and functional interference be-

gin before TASK is functionally mature, and do not result HIV-1 is Vpu specific. These data further reinforce the
notion that Vpu and TASK engage in hetero-oligomerfrom Vpu-induced apoptotic effects.
formation, disrupting their individual multimeric struc-
tures. While it is likely that, in actively HIV-1-infected

Inhibition of Vpu-Mediated Virus Release by TASK
cells, the Vpu/TASK ratio is in favor of Vpu and that

The TASK-Vpu protein-protein interaction may also af-
most of the inhibitory effect would be directed against

fect Vpu functionality. Of the two functions of Vpu, pro-
TASK, overexpressing TASK has allowed us to further

motion of CD4 degradation and enhancement of virus
characterize the mechanism of TASK-Vpu interaction.

release, we chose to focus on the latter for two reasons.
First, Schubert et al. (1996) have correlated the putative
channel-like activity of Vpu to its regulation of HIV-1 Vpu as a Mimic of the First Transmembrane

Segment of TASKrelease. Second, our confocal imaging and whole-cell
electrophysiological studies both point to a functional There is much resemblance between the TASK-Vpu in-

teraction and the effect of a truncated Kv channel poly-interaction of TASK-1 and Vpu at the level of the plasma
membrane, the reported site of Vpu-mediated particle peptide on native Kv channels (Babila et al., 1994). An

N-terminal TM1-containing fragment of Kv1.1 wasrelease enhancement (Bour et al., 1999). Therefore, if
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Figure 4. TASK-Vpu Interactions Interfere
with HIV-1 Release

(A) TASK-1 coexpression with pNL4-3 sup-
pressed virus release, as compared with the
control HERG channel. Asterisk designating
p � 0.05 in a Student’s t-Test is the signifi-
cance of a comparison of virus release af-
fected by TASK-1 (pooled data) to that by
HERG, from seven independent experiments.
Deletion of Vpu (pNL4-3*Udel) resulted in in-
hibition of virus release (mean � SEM, n � 3).
(B) Dose dependence of TASK-1 inhibition on
Vpu-mediated virus release.

shown to spontaneously oligomerize with native Kv1 enhance suppression of TASK, and there was always
some residual TASK-1-specific current (Figure 5). Onsubunits in vitro (Folco et al., 1997) and in transgenic

mice (London et al., 1998). Such coassembly resulted in the other hand, Vpu-imposed inhibition of TASK appears
to be directly proportional to the quantity of Vpu DNAinhibition of endogenous Kv conductance, presumably

due to the formation of misfolded and nonfunctional applied in transfection. Unlike Ttm1-imposed inhibition,
increasing Vpu quantities in transfection could com-hetero-oligomers.

If the homology between HIV-1 Vpu and TASK is in- pletely suppress TASK current (TASK: Vpu � 1: 2) (Fig-
ure 3B).deed evolutionarily meaningful, the inhibitory mecha-

nism of Vpu on TASK may resemble that whereby a
truncated Kv polypeptide suppresses native voltage- TASK Degradation during HIV-1 Infection
gated K� channels. First, to establish that TASK can Although the mechanism previously invoked to account
also be inhibited by its N-terminal TM-containing frag- for TASK inhibition by Vpu could only involve disruption
ment, we constructed a TASK-1 truncation that com- of the TASK complexes, Vpu is also known to function as
prises the NH2 terminus and the first TM segment a connector between target proteins and the ubiquitin-
(“Ttm1”). Coexpression of Ttm1 with TASK suppressed proteasome degradation pathway. It is therefore con-
TASK current, in analogy with previous observations for ceivable that Vpu-TASK interactions lead to the recruit-
voltage-gated K� channels (Babila et al., 1994). More ment of the SCFTrCP E3 ligase and degradation of TASK,
importantly, the suppression of TASK current by Ttm1 as observed in the case of CD4 (Margottin et al., 1998).
closely resembled that by HIV-1 Vpu (Figures 5 and 3B). To address this possibility, we monitored TASK-1 ex-

The dose-response analysis, however, reveals that pression in primary lymphocytes during HIV-1 infection.
the mechanism of TASK inhibition by Ttm1 is not identi- CD4� T lymphocytes on the third day of PHA activation
cal to that by Vpu. Ttm1 overexpression did not com- were infected with HIV-1 by spin inoculation (Pierson et
pletely eliminate the TASK-1-specific current. The maxi- al., 2002). On day 2 or 3 postinfection, endogenous
mal Ttm1-imposed inhibition was reached with 0.2 �g TASK-1 was extracted and compared among the three
of Ttm1 DNA in cotransfection (DNA molar ratio of TASK: groups: infected cells, plus uninfected (control) cells at
Ttm1 � 2: 1). Further increase of Ttm1 doses did not t � 0 and at t � 48–72 hr postinfection. TASK expression

was significantly reduced in HIV-1 infected cells. The
two groups of uninfected cells exhibited similar TASK
levels, indicating that PHA activation after day 3 did
not affect endogenous TASK expression (Figure 6A).
Despite the decreasing expression of TASK in the in-
fected sample, Vpu was still identified in the TASK com-
plexes from immunoprecipitation.

We have also identified �TrCP, a component of the
ubiquitin-proteasome degradation pathway that binds
to Vpu (Margottin et al., 1998), in the TASK precipitates
from AIDS samples (Figure 6B). Taken together, the
physical associations among TASK, Vpu, and �TrCP
during HIV-1 infection may lead to acceleration of TASK
degradation in primary cells. The data also suggest that
Vpu-imposed inhibition of TASK conductance (Figure 3)
occurs at least partly through acceleration of TASK deg-
radation.

Ttm1 as Functionally Equivalent
to Vpu in HIV-1 ReleaseFigure 5. Ttm1 Coexpression Suppressed the pH-Sensitive Current
Our findings that Vpu inhibits TASK activity might con-of TASK-1
ceivably be used to further define the mechanism byDose dependence of Ttm1-imposed inhibition of TASK-1 current.

The molar ratio of TASK (0.4 �g): Ttm1 (0.4 �g) is roughly 1:1. which Vpu enhances viral particle release and to gain a



Molecular Cell
264

Figure 6. TASK-1 Degradation during HIV-1
Infection

(A) Endogenous TASK expression is dimin-
ished in HIV-1 infection. PHA-activated pri-
mary CD4� T cells were infected with HIV-1
in vitro. The protein level of TASK-1 was as-
sessed on day 0 and day 2 postinfection. Im-
munoprecipitation followed by Western blot
revealed decreasing TASK expressions in in-
fected cells, compared to the controls. TASK-
Vpu association was also detected in in vitro
infected primary cells.
(B) Coimmunoprecipitation of TASK-1, Vpu,
and �TrCP in an AIDS peripheral blood
sample.

better understanding of the evolutionary origin of this throughout the entire time course, with an eventual re-
versal of the apparent efficacy; this suggests that theHIV-1-specific protein. If Vpu was indeed pirated from

TASK, its major function—support of particle release— kinetics of protein synthesis and lifetime may differ be-
tween Vpu and Ttm1. We also observed a gradual dimi-may have a structural root in host TASK. As Vpu-medi-

ated viral release requires conservation of the Vpu TM nution of the Ttm1 enhancer effect with increasing Ttm1
doses (data not shown). This is possibly contributed byregion, the structural root of this function could be the

first transmembrane region of TASK. Therefore, we ex- a cytotoxic effect of Ttm1 overexpression, as overex-
pression of Vpu also imposes considerable cytotoxicitytended our investigation of Ttm1 to viral particle release.

To determine whether Ttm1 could mimic the effects (Akari et al., 2001).
of Vpu on viral particle release, Ttm1 was coexpressed
with the Vpu-defective pNL4-3/Udel. Virus release effi- Discussion
ciency of NL4-3/Udel was set as the baseline (Figure 7:
fold � 1). Transfection of as little as 0.18 �g Ttm1 DNA This work began with the hypothesis that the mammalian
significantly enhanced HIV-1 release. This enhancer ef- K� channel TASK-1 could oligomerize with HIV-1 Vpu
fect of Ttm1 was comparable to that of Vpu applied in given their structural homology (Figure 1). We indeed
trans to pNL4-3/Udel (Figure 7). Although Ttm1 seems found the TASK-Vpu interaction in vitro, and in lymphoid
to be more effective than Vpu in suppressing viral re- tissues from AIDS donors (Figures 2 and 6). Functional
lease at 40 hr posttransfection, differences persist studies point to bidirectional destruction as a conse-

quence of oligomerization: HIV-1 Vpu could inhibit host
TASK current (Figure 3), while TASK expression could
also restrain Vpu-mediated virus release (Figure 4). Due
to the ubiquitous expression of TASK in tissues (heart,
brain/neurons, lung, kidney/glomerulosa, placenta, pe-
ripheral blood, and CD4� T lymphocytes), the conse-
quences of the TASK-Vpu interactions are likely multifold
and clinically relevant.

Their disproportionate protein sizes suggest that Vpu
likely acts as a “viral auxiliary subunit” to TASK. Many
K� channel complexes have been shown to incorporate
small integral membrane proteins that contain a single
transmembrane span. Coassembly of the main channel
�-subunits with such auxiliary subunits often modify the
original channel properties (Abbott and Goldstein, 1998;
McDonald et al., 1997; Sesti et al., 2000; Shimbo et al.,
1995). This is well illustrated by the interaction between
the cardiac K� channel HERG and a single TM protein,

Figure 7. Ttm1 Is Functionally Equivalent to Vpu in Assisting MiRP1 (Abbott et al., 1999). Besides functional modula-
HIV-1 Release

tion, auxiliary subunits may also influence the biogene-
Ttm1 coexpression with pNL4-3/Udel supported viral particle re- sis/trafficking of channel �-subunits.
lease in HeLa cells, as did Vpu. Folds of increase of virus release

On the other hand, the global homology of Vpu towere determined by comparison to the coexpression of pNL4-3/
the first quarter of TASK implies that the basis of theirUdel and pCGI (fold � 1). Data summarized from two to five indepen-

dent experiments. coassembly is similar to the basis of oligomerization of
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homologous channel subunits, provided that the TM1- is their relative steady state protein expressions. Previ-
containing fragment is essential for K� channel assem- ous studies of HIV-mediated inhibition of cellular protein
bly (Babila et al., 1994). We have indeed observed func- function have shown a tight dependence on the ratio
tional mimicry between Vpu and the first TM segment between the viral effector and the cellular target. For
of TASK-1 (Ttm1): both are capable of inhibiting TASK-1 example, the gp160 viral envelope protein precursor
current and promoting viral particle release (Figures 5 could form intracellular complexes with the CD4 recep-
and 7). These similarities support our initial conjecture tor, leading to trapping of CD4 in the endoplasmic reticu-
that Vpu was pirated from host TASK during the evolu- lum and complete downregulation from the cell surface
tion of HIV-1. Upon viral infection, the cellular machinery (Bour et al., 1991). However, this mechanism relies on
for TASK or K� channel ontogeny is co-opted and redi- the fact that levels of gp160 in HIV-infected cells were
rected by Vpu. We indeed observed substantial TASK several-fold higher than that of CD4. Artificially reversing
degradation in primary CD4� T cells infected with HIV-1 this ratio restored CD4 at the cell surface and led to
in vitro (Figure 6). quantitative trapping of gp160 in the ER instead (Buono-

The mechanisms that Vpu can employ to impair TASK core and Rose, 1990). As TASK expression varies in
currents were deduced by comparing the dose- different specialized cells, and Vpu expression also var-
response relationships of Ttm1- and Vpu-imposed inhi- ies depending on infection conditions, the outcomes of
bitions (Figures 3B and 5). While overexpression of Vpu their interaction would not be expected to be the same
could completely eliminate TASK current, application of in various HIV-1 accessible cell types. At a low level of
Ttm1 at any dose could not. The differences are likely TASK expression, such as in primary T lymphocytes,
attributable to the non-TM sequence of Vpu that Ttm1 TASK-1 may be rapidly degraded when wrestling with
lacks. Ttm1 overexpression at most results in intracellu- Vpu during infection. In other HIV-1 reservoirs, such as
lar accumulation of full-length channel subunits and re- neurons (Bagasra et al., 1996) and kidney (Winston et
duction of functional TASK. On the other hand, the Vpu al., 2001), the high expression of TASK-1 (Talley et al.,
cytoplasmic tail interacts with �TrCP in the ubiquitin- 2001) may pose an inhibitory effect on the spread of
proteasome degradation pathway, and it is this interac- viruses, at the expense of having TASK channels de-
tion that promotes the degradation of CD4 in infected T graded at an abnormal rate. The counteracting effects
lymphocytes. Endogenous TASK-1 probably is targeted of TASK-1 on Vpu seemingly negate any selective ad-
for degradation in the same way during HIV-1 infection vantage attributable to molecular piracy. In any case,
(Figure 6). Thus, Vpu is capable of (1) limiting TASK this molecular pas de deux may ultimately serve to stabi-
function through transmembrane interactions, and (2) lize the virus-host relationship, facilitating the cellular
accelerating TASK degradation through its cytoplasmic and anatomical reservoirs of HIV-1 in infected patients
association with the ubiquitin-degradation pathway. The (Bagasra et al., 1996; Bour and Strebel, 2003; Greene
latter is analogous to HIV-1 Vif-induced proteasome and Peterlin, 2002; Winston et al., 2001).
degradation of the host antiviral enzyme APOBEC3G
(Marin et al., 2003; Sheehy et al., 2003; Stopak et al., Experimental Procedures
2003). Future studies using the proteasome inhibitors,

Plasmidstrans-dominant TrCP�F, and Vpu26 will determine
The coding sequence of rat TASK1 (AF031384) was subcloned intowhether SCF-TrCP assists Vpu in degradation of TASK
the expression vector pCGI (pGFPIRS [Johns et al., 1997]) to gener-(Bour et al., 2001; Margottin et al., 1998).
ate pCGI-TASK1. The GFP-TASK1 fusion construct (pGT) was made

It seems paradoxical that Ttm1 appears more effec- by subcloning rat TASK1 into pEGFP-C2 (CLONTECH). The coding
tive than Vpu in suppressing viral release (at 40 hr post- sequence of Vpu from the HIV-1 PLAI plasmid was subcloned into
transfection, Figure 7), but Ttm1 inhibits TASK channel two similar bicistronic vectors: pCCI (CFP instead of GFP) and

pAdC8I, which has CD8 as the reporter gene (Hoppe et al., 1999).activity to the same extent as does Vpu (Figures 5 and
Ttm1, a naturally occurring TASK-1 mutant comprising the first3B). While Ttm1 is specifically designed to interact with
40 residues with point mutation E37A, was subcloned into pCGITASK, Vpu has a number of cellular targets other than
(pCGI-Ttm1).TASK; thus, TASK may be competing with other proteins

for interaction with Vpu. Alternatively, the discrepancy Antibodies
may simply reflect different synthesis and/or turnover The polyclonal rat anti-TASK1 antibody was custom produced
rates between Vpu and Ttm1. against a synthetic C-terminal peptide of human TASK1 (EDEKR-

DAEHRALLTRNGQ) by BIOSYNTHESIS, INC., and further purifiedTASK-Vpu oligomerization potentially destroys the in-
through a peptide-specific column (AminoLink Plus Immobilizationdividual normal functions of the two proteins. The func-
kit, Pierce). The rabbit anti-Vpu antibody (U2-3) was made as de-tional implications are multiple, and are determined by
scribed previously (Maldarelli et al., 1993).two factors: (1) the divergency of the TM sequences of

Vpu; and (2) their relative steady state levels. First, as Cells, Specimens, and Infection
suggested in the Ttm1 experiments (Figures 5 and 7), HEK-293 and A549 cells were maintained in Dulbecco’s modified
the transmembrane association between TASK and Vpu Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
is the key to the bidirectional functional interference. and 5 �g/mL plasmocin (ant-mpp, InvivoGen, San Diego, CA). HeLa

cells were maintained in Eagle’s minimum essential medium (EMEM)We indeed found that some degree of randomization of
supplementing with 1	 nonessential amino acids, same FBS andthe Vpu TM sequence could weaken its physical and
antibiotics. The autopsied lymph nodes retrieved by National Dis-functional interaction with TASK (see Supplemental Fig-
ease Research Interchange were from an AIDS donor who refused

ure S1 at http://www.molecule.org/cgi/content/full/14/ any antiretroviral treatments. PBMC obtained from HIV-negative do-
2/259/DC1), compounding the pathological complexity nors were maintained in STCM (RPMI, 10% fetal calf serum, interleu-
that may result from TASK-Vpu interactions. kin-2 [100 U/ml], T cell growth factor), followed by 3 days of phytohe-

magglutinin activation and depletion of CD8� cells. Primary CD4�The second factor determining TASK-Vpu association
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T lymphocytes were HIV-1 infected on the third day of PHA activation using LipofectAMINE 2000 (Invitrogen). Various quantities of pCGI-
TASK1 and pCGI-Ttm1 (0.18 �g, 0.35 �g, 0.70 �g, and 1.4 �g) haveby 2 hr of spin inoculation, as previously described (Pierson et al.,

2002), followed by 2 to 3 days of incubation. been assessed for optimization in virus release assays. At specific
time-points posttransfection, one-tenth of the culture medium was
retrieved from each sample and filtered through a 0.22 mm syringeImmunohistochemistry and Confocal Microscopy
filter. The viral content in culture medium was determined by CoulterA549 cells were cotransfected with pCD4U and pGT using Lipofec-
HIV-1 p24 Antigen Assay kit. Data from individual experiments weretAMINE Plus (Invitrogen). Within 36–48 hr, CD4U was immunolabeled
averaged and expressed in mean � SEM. The K� channel effectswith T4-4 antibody followed by Alexa Fluor 568-conjugated anti-
on virus release were compared with respect to the control (cotrans-rabbit antibody (Molecular Probes); the green Fluorescence of GT
fection of pNL4-3 and pCGI). The comparisons were made using awas enhanced by labeling with Alexa Fluor 488-conjugated anti-
Student’s t-Test. P � 0.05 were deemed significant.GFP antibody. Confocal images were taken on a Zeiss LSM 410

confocal microscope.
Acknowledgments

Coimmunoprecipitation and Western Blot
We thank the National Disease Research Interchange for providingHeterologous expressions in HEK-293 cells were introduced by tran-
autopsied tissues from AIDS donors without antiretroviral treat-sient transfection. Within 36–48 hr posttransduction, these cells
ments, O. Laeyendecker and T.C. Quinn for providing HIV/AIDSwere lysed in digitonin lysis buffer (0.8–1% digitonin, Dnase, and
PBMC samples, J. Kajdas and R.F. Siliciano for providing the PBMCcomplete protease inhibitor cocktail in PBS) at 4
C for 40 min. The
of HIV-negative donors, C.S. Yost (U.C.S.F.) for providing the ratrat anti-TASK1 antibody was preincubated with anti-rat coated mag-
TASK-1 gene, D. Disilvestre and G. Tomaselli for providing pCGI-netic beads (Dynal) prior to DMP crosslinking. Alternatively, the
HERG, H. Zhang and Y. Zhou for assistance in HIV experiments,rabbit anti-TASK1 antibody (Alomone) crosslinked with protein-A
and B. O’Rourke and J. Hildreth for critical reading of the manuscript.coated Dynal beads was used. Both the rat and the rabbit anti-
The work was supported by an NIH grant to E.M (R37 HL 36957).TASK antibodies were equally potent for IP. Cell lysates were immu-

noprecipitated with antibody-crosslinked beads overnight. After
immunoprecipitation, beads were washed 10 times beginning and Received: October 1, 2003
ending with low-salt wash buffer (0.1% digitonin, 50 mM Tris-HCl Revised: March 1, 2004
[pH 8.0], and 150 mM KCl). During middle washes the salt content Accepted: March 3, 2004
was increased to 500 mM KCl. TASK1 complexes were eluted and Published: April 22, 2004
dissociated in 2% LDS sample buffer (Invitrogen) supplemented
with 20 mM DTT at 37
C for 30 min, and analyzed by Western blot. References

Electrophysiology Abbott, G.W., and Goldstein, S.A. (1998). A superfamily of small
HEK-293 cells on a 6-well plate were transiently transfected with potassium channel subunits: form and function of the MinK-related
0.4 �g of pCGI-TASK alone, or with both 0.4 �g of TASK and 0.4 peptides (MiRPs). Q. Rev. Biophys. 31, 357–398.
�g of pAdC8I-Vpu. Whole-cell current recording was performed

Abbott, G.W., Sesti, F., Splawski, I., Buck, M.E., Lehmann, M.H.,during day 1 to day 3 posttransfection, at room temperature (21–
Timothy, K.W., Keating, M.T., and Goldstein, S.A. (1999). MiRP123
C). Due to the use of the bicistronic construct pCGI-TASK1, cells
forms IKr potassium channels with HERG and is associated withexpressing TASK1 exhibited green fluorescence. Similarly, cells
cardiac arrhythmia. Cell 97, 175–187.transfected with pAdC8I-Vpu expressed both Vpu and CD8. CD8-
Akari, H., Bour, S., Kao, S., Adachi, A., and Strebel, K. (2001). Thepositive cells were identified by immunostaining with anti-CD8
human immunodeficiency virus type 1 accessory protein Vpu in-Quantum Red conjugate antibody (clone UCHT-4, Sigma). Coex-
duces apoptosis by suppressing the nuclear factor kappaB-depen-pression was determined by both green and red Fluorescence.
dent expression of antiapoptotic factors. J. Exp. Med. 194, 1299–Whole-cell currents of the transfected cells were recorded using an
1311.Axonpatch 200B patch-clamp amplifier and filtered at 5 kHz. The

membrane potential was held at 0 mV, before applying a voltage Babila, T., Moscucci, A., Wang, H., Weaver, F.E., and Koren, G.
step of 100 msec, starting from –100 to 80 mV with an increment (1994). Assembly of mammalian voltage-gated potassium channels:
of 20 mV every 2 s. The bath solution contained (in mM) NaCl, 140; evidence for an important role of the first transmembrane segment.
KCl, 5; Ca(OH)2, 2; Mg(OH)2, 1; glucose, 10; and HEPES, 10 (pH 7.4). Neuron 12, 615–626.
The internal pipette solution contained (in mM) NaCl, 5; KCl, 120; Backx, P.H., and Marbán, E. (1993). Background potassium current
MgCl2, 1; EGTA, 2; HEPES, 10; and Mg-ATP, 2.5 (pH 7.2). In differen- active during the plateau of the action potential in guinea pig ventric-
tial blockade experiments, continuous perfusion began with (1) the ular myocytes. Circ. Res. 72, 890–900.
bath solution, (2) the bath solution without K�, (3) removal of K�

Bagasra, O., Lavi, E., Bobroski, L., Khalili, K., Pestaner, J.P., Ta-and addition of 10 mM TEA�, and last (4) removal of K� and addition
wadros, R., and Pomerantz, R.J. (1996). Cellular reservoirs of HIV-1of both 10 mM TEA� and 2 mM Ba2�. Before each change of solution,
in the central nervous system of infected individuals: identificationthe step protocol was applied for recording. Leak current was not
by the combination of in situ polymerase chain reaction and immu-subtracted throughout. The currents recorded at each voltage step
nohistochemistry. AIDS 10, 573–585.were averaged among the mid-40 msec and divided by individual

cell capacitance to express current densities (pA/pF). The Ba2�- Bour, S., and Strebel, K. (2003). The HIV-1 Vpu protein: a multifunc-
sensitive, TEA�-insensitive TASK1 current component was deter- tional enhancer of viral particle release. Microbes Infect. 5, 1029–
mined by subtraction of the current-voltage relationships taken at 1039.
the third and the fourth perfusion (Backx and Marbán, 1993). For Bour, S., Boulerice, F., and Wainberg, M.A. (1991). Inhibition of
measurements of pH-sensitive currents, continuous perfusion was gp160 and CD4 maturation in U937 cells after both defective and
switched between the bath solution (pH 7.5) and the same solution productive infections by human immunodeficiency virus type 1. J.
adjusted to pH 8.5. The pH-sensitive TASK-1 current was defined Virol. 65, 6387–6396.
as the difference in currents at pH 7.5 and pH 8.5. Vpu-expressing,

Bour, S., Perrin, C., and Strebel, K. (1999). Cell surface CD4 inhibitsapoptotic cells were identified using annexin V markers and propid-
HIV-1 particle release by interfering with Vpu activity. J. Biol. Chem.ium iodide (Molecular Probes).
274, 33800–33806.

Bour, S., Perrin, C., Akari, H., and Strebel, K. (2001). The humanVirus Release Assay
immunodeficiency virus type 1 Vpu protein inhibits NF-kappa BHeLa cells plated in P25 flasks were transiently transfected at 50%
activation by interfering with beta TrCP-mediated degradation ofconfluency with 2–3 �g of a HIV-1 proviral construct (pNL4-3,
Ikappa B. J. Biol. Chem. 276, 15920–15928.pNL4-3/Udel), and with of one of the constructs: pCGI (0.7 �g),

pCGI-HERG (0.7 �g), pCGI-TASK1 (0.7 �g), or pCGI-Ttm1 (0.18 �g) Buonocore, L., and Rose, J.K. (1990). Prevention of HIV-1 glycopro-



TASK-Vpu Interaction
267

tein transport by soluble CD4 retained in the endoplasmic reticulum. Vif protein binds the editing enzyme APOBEC3G and induces its
degradation. Nat. Med. 9, 1398–1403.Nature 345, 625–628.

McDonald, T.V., Yu, Z., Ming, Z., Palma, E., Meyers, M.B., Wang,Coady, M.J., Daniel, N.G., Tiganos, E., Allain, B., Friborg, J., La-
K.W., Goldstein, S.A., and Fishman, G.I. (1997). A minK-HERG com-pointe, J.Y., and Cohen, E.A. (1998). Effects of Vpu expression on
plex regulates the cardiac potassium current I(Kr). Nature 388,Xenopus oocyte membrane conductance. Virology 244, 39–49.
289–292.Czirjak, G., and Enyedi, P. (2002). Formation of functional hetero-
Ottschytsch, N., Raes, A., Van Hoorick, D., and Snyders, D.J. (2002).dimers between the TASK-1 and TASK-3 two-pore domain potas-
Obligatory heterotetramerization of three previously uncharacter-sium channel subunits. J. Biol. Chem. 277, 5426–5432.
ized Kv channel alpha-subunits identified in the human genome.Deutsch, C. (2002). Potassium channel ontogeny. Annu. Rev. Phys-
Proc. Natl. Acad. Sci. USA 99, 7986–7991.iol. 64, 19–46.
Paul, M., Mazumder, S., Raja, N., and Jabbar, M.A. (1998). MutationalDuprat, F., Lesage, F., Fink, M., Reyes, R., Heurteaux, C., and Laz-
analysis of the human immunodeficiency virus type 1 Vpu transmem-dunski, M. (1997). TASK, a human background K� channel to sense
brane domain that promotes the enhanced release of virus-like parti-external pH variations near physiological pH. EMBO J. 16, 5464–
cles from the plasma membrane of mammalian cells. J. Virol. 72,5471.
1270–1279.

Folco, E., Mathur, R., Mori, Y., Buckett, P., and Koren, G. (1997). A
Pierson, T.C., Zhou, Y., Kieffer, T.L., Ruff, C.T., Buck, C., and Silici-cellular model for long QT syndrome. Trapping of heteromultimeric
ano, R.F. (2002). Molecular characterization of preintegration latencycomplexes consisting of truncated Kv1.1 potassium channel poly-
in human immunodeficiency virus type 1 infection. J. Virol. 76, 8518–peptides and native Kv1.4 and Kv1.5 channels in the endoplasmic
8531.reticulum. J. Biol. Chem. 272, 26505–26510.
Schubert, U., Ferrer-Montiel, A.V., Oblatt-Montal, M., Henklein, P.,Gonzalez, M.E., and Carrasco, L. (1998). The human immunodefi-
Strebel, K., and Montal, M. (1996). Identification of an ion channelciency virus type 1 Vpu protein enhances membrane permeability.
activity of the Vpu transmembrane domain and its involvement inBiochemistry 37, 13710–13719.
the regulation of virus release from HIV-1-infected cells. FEBS Lett.

Greene, W.C., and Peterlin, B.M. (2002). Charting HIV’s remarkable
398, 12–18.

voyage through the cell: basic science as a passport to future ther-
Sesti, F., Tai, K.K., and Goldstein, S.A. (2000). MinK endows theapy. Nat. Med. 8, 673–680.
I(Ks) potassium channel pore with sensitivity to internal tetraethyl-

Hoppe, U.C., Johns, D.C., Marbán, E., and O’Rourke, B. (1999).
ammonium. Biophys. J. 79, 1369–1378.

Manipulation of cellular excitability by cell fusion: effects of rapid
Sheehy, A.M., Gaddis, N.C., and Malim, M.H. (2003). The antiretrovi-introduction of transient outward K� current on the guinea pig ac-
ral enzyme APOBEC3G is degraded by the proteasome in responsetion potential. Circ. Res. 84, 964–972.
to HIV-1 Vif. Nat. Med. 9, 1404–1407.

Johns, D.C., Nuss, H.B., and Marbán, E. (1997). Suppression of
Shimbo, K., Brassard, D.L., Lamb, R.A., and Pinto, L.H. (1995). Viralneuronal and cardiac transient outward currents by viral gene trans-
and cellular small integral membrane proteins can modify ion chan-fer of dominant-negative Kv4.2 constructs. J. Biol. Chem. 272,
nels endogenous to Xenopus oocytes. Biophys. J. 69, 1819–1829.31598–31603.
Sinkovics, J., Horvath, J., and Horak, A. (1998). The origin and evolu-Kim, D., Fujita, A., Horio, Y., and Kurachi, Y. (1998). Cloning and
tion of viruses (a review). Acta Microbiol. Immunol. Hung. 45,functional expression of a novel cardiac two-pore background K�
349–390.channel (cTBAK-1). Circ. Res. 82, 513–518.
Stopak, K., de Noronha, C., Yonemoto, W., and Greene, W.C. (2003).Kim, Y., Bang, H., and Kim, D. (1999). TBAK-1 and TASK-1, two-
HIV-1 Vif blocks the antiviral activity of APOBEC3G by impairingpore K(�) channel subunits: kinetic properties and expression in rat
both its translation and intracellular stability. Mol. Cell 12, 591–601.heart. Am. J. Physiol. 277, H1669–H1678.
Strebel, K., Klimkait, T., and Martin, M.A. (1988). A novel gene ofKlimkait, T., Strebel, K., Hoggan, M.D., Martin, M.A., and Orenstein,
HIV-1, vpu, and its 16-kilodalton product. Science 241, 1221–1223.J.M. (1990). The human immunodeficiency virus type 1-specific pro-
Strebel, K., Klimkait, T., Maldarelli, F., and Martin, M.A. (1989). Mo-tein vpu is required for efficient virus maturation and release. J.
lecular and biochemical analyses of human immunodeficiency virusVirol. 64, 621–629.
type 1 vpu protein. J. Virol. 63, 3784–3791.Lakos, Z., Somogyi, B., Balazs, M., Matko, J., and Damjanovich,
Talley, E.M., Solorzano, G., Lei, Q., Kim, D., and Bayliss, D.A. (2001).S. (1990). The effect of transmembrane potential on the dynamic
Cns distribution of members of the two-pore-domain (KCNK) potas-behavior of cell membranes. Biochim. Biophys. Acta 1023, 41–46.
sium channel family. J. Neurosci. 21, 7491–7505.Lamb, R.A., and Pinto, L.H. (1997). Do Vpu and Vpr of human immu-
Vink, C., Beisser, P.S., and Bruggeman, C.A. (1999). Molecular mim-nodeficiency virus type 1 and NB of influenza B virus have ion
icry by cytomegaloviruses. Function of cytomegalovirus-encodedchannel activities in the viral life cycles? Virology 229, 1–11.
homologues of G protein-coupled receptors, MHC class I heavyLelkes, P.I. (1979). Potential dependent riigidity changes in lipid
chains and chemokines. Intervirology 42, 342–349.membrane vesicles. Biochem. Biophys. Res. Commun. 90, 656–662.
Willey, R.L., Maldarelli, F., Martin, M.A., and Strebel, K. (1992). Hu-Leonoudakis, D., Gray, A.T., Winegar, B.D., Kindler, C.H., Harada,
man immunodeficiency virus type 1 Vpu protein induces rapid deg-M., Taylor, D.M., Chavez, R.A., Forsayeth, J.R., and Yost, C.S. (1998).
radation of CD4. J. Virol. 66, 7193–7200.An open rectifier potassium channel with two pore domains in tan-
Winston, J.A., Bruggeman, L.A., Ross, M.D., Jacobson, J., Ross, L.,dem cloned from rat cerebellum. J. Neurosci. 18, 868–877.
D’Agati, V.D., Klotman, P.E., and Klotman, M.E. (2001). NephropathyLondon, B., Jeron, A., Zhou, J., Buckett, P., Han, X., Mitchell, G.F.,
and establishment of a renal reservoir of HIV type 1 during primaryand Koren, G. (1998). Long QT and ventricular arrhythmias in trans-
infection. N. Engl. J. Med. 344, 1979–1984.genic mice expressing the N terminus and first transmembrane seg-
Wray, V., Federau, T., Henklein, P., Klabunde, S., Kunert, O., Schom-ment of a voltage-gated potassium channel. Proc. Natl. Acad. Sci.
burg, D., and Schubert, U. (1995). Solution structure of the hydro-USA 95, 2926–2931.
philic region of HIV-1 encoded virus protein U (Vpu) by CD and 1HMaldarelli, F., Chen, M.Y., Willey, R.L., and Strebel, K. (1993). Human
NMR spectroscopy. Int. J. Pept. Protein Res. 45, 35–43.immunodeficiency virus type 1 Vpu protein is an oligomeric type I

integral membrane protein. J. Virol. 67, 5056–5061.

Margottin, F., Bour, S.P., Durand, H., Selig, L., Benichou, S., Richard,
V., Thomas, D., Strebel, K., and Benarous, R. (1998). A novel human
WD protein, h-beta TrCp, that interacts with HIV-1 Vpu connects
CD4 to the ER degradation pathway through an F-box motif. Mol.
Cell 1, 565–574.

Marin, M., Rose, K.M., Kozak, S.L., and Kabat, D. (2003). HIV-1


